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InvestIgacIón
ABSTRACT
Objective: This research work addressed the compar-
ison of the stiffness of a granular base under optimum 
water content and total saturation conditions.
Methodology: The methodology focused in the de-
velopment of an experimental program and the com-
putation of a function, which permits to assess the 
elastic moduli of the material. A triaxial cell equipped 
by local LVDT transducers, capable of managing dif-
ferent stress paths, was used to measure the small-
strain stiffness of a granular base under two different 
conditions of moisture. The material was compacted 
with optimum water content and subjected to a series 
of loading-unloading cycles under isotropic condi-
tions. In addition, identical specimens were prepared 
to be saturated and the experimental procedure was 
repeated to obtain the moduli in these new circum-
stances. The moduli were assessed by a hyperbolic 
model, and its relationship with the confining pres-
sure was computed.
Results: The results indicated that numerical model 
was adjusted to the experimental results. In addition, 
it was found that the elastic moduli decrease 3% to 
8% in conditions of total saturation versus the condi-
tion of optimum water contents. 
Conclusions: The small-strain stiffness in the granular 
base depends on the water content, and the moisture 
can affect the deformation in the pavement structures.
Keywords: granular bases, hyperbolic model, lo-
cal transducers, small-strain stiffness, unload-reload 
moduli.
RESUMEN
Objetivo: Este trabajo de investigación aborda la 
comparación de la rigidez de una base granular con 
contenido de agua óptimo y condiciones de comple-
ta saturación.
Metodología: La metodología de trabajo se centró en 
el desarrollo de un plan experimental y el cálculo de 
una función que permite evaluar los módulos elásti-
cos del material. Se utilizó una cámara triaxial para 
medir la rigidez del suelo, a pequeñas deformaciones, 
bajo dos condiciones diferentes de humedad. El equi-
po utilizado es capaz de generar trayectorias de es-
fuerzos y fue equipado con transductores locales tipo 
LVDT. El material se compactó con contenido óptimo 
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INTRODUCTION
Density criterion for granular layers is the most 
common practice in quality control and quality as-
surance for pavement construction (Chen, Chang, 
& Fu, 2011). Granular bases are compacted un-
der optimal water content to achieve a maximum 
dry unit weight. These controlling variables are ob-
tained by the laboratory compaction test (ASTM In-
ternational, 2014a). However, during construction 
the water content is not a fully controlled variable. 
Likewise, after construction water content may 
change due to climate effects, damage or absence 
of the asphaltic layer or drainage difficulties.
In regions with seasons, the spring thaw modi-
fies the water content of the pavement structure 
due to the water flow through fissures, cracks and 
pores on the asphalt layer. In tropical regions, the 
weather changes and the rain variability produc-
es the same effect. Usually, the damage in the as-
phalt layer which induced the seepage to granular 
bases is caused by the fatigue phenomenon (Pare-
des, Reyes-Ortiz, & Camacho-Tauta, 2014). The 
water flow generates a reduction of shear strength 
in granular bases, because water content directly 
governs the stability of the pavement system (Per-
era, Zapata, Houston, & Houston, 2004). In satu-
rated granular bases, water deteriorates the quality 
of material and reduces the bearing capacity of 
a pavement structure (Zhang, Ishikawa, Tokoro, & 
Nishimura, 2014). The variation in the moisture 
content changes the strength parameters due to 
changes of the matric suction, as it is studied in 
the unsaturated soil mechanics (Fredlund & Ra-
hardjo, 1993).
Authors as Colesanti, Ferretti, Novali, Prati, & 
Rocca (2003) and Li, Saboundjian, Liu, & Xiong 
(2013) measured the pavement deformation dur-
ing seasonal change through monitoring systems 
installed directly on the road. Other authors like 
Ishikawa, Zhang, Tokoro, & Miura (2014) and 
Inam, Ishikawa, & Miura (2012), developed exper-
imental programs to measure the stiffness variation 
in granular bases with triaxial cells for unsaturat-
ed soils. Furthermore, it is possible to estimate 
the permanent strain in granular materials by nu-
merical experiments based on constitutive models 
created from laboratory and in-situ test Lekarp & 
Dawson (1998) and Hicher & Chang (2008).
Jafarzadeh and Sadeghi, Jafarzadeh & Sadeghi 
(2012) studied the variation of dynamic properties 
of sands depending on the degree of saturation. 
They showed that the shear modulus is almost con-
stant for a wide range of saturation, but it reduc-
es considerably as the full saturation is reached. 
Similar results were found by Lu & Kaya (2014). To 
Boscardin, Selig, Lin, & Yang (1990) and Zhang, 
Li, & Chen (2013) the hyperbolic model is useful 
to compute elastic moduli and strains during load-
ing process.
de agua y se sometió a una serie de ciclos de car-
ga-descarga en condiciones isótropas. Por otro lado, 
se prepararon las muestras idénticas para ser satura-
das y repetir el mismo el procedimiento experimental 
bajo estas nuevas circunstancias. Los módulos fue-
ron evaluados mediante un modelo hiperbólico y se 
calculó su relación con la presión de confinamiento.
Resultados: Los resultados indicaron que el modelo 
numérico se ajustó a los resultados experimentales. 
Además, se encontró que los módulos de elasticidad 
disminuyen de 3% a 8% en condiciones de completa 
saturación frente a la condición de humedad óptima.
Conclusiones: La rigidez a pequeñas deformaciones 
de la base granular depende de la humedad y que el 
contenido de agua puede inducir deformaciones en 
las estructuras de pavimento.
Palabras Clave: bases granulares, modelo hiperbóli-
co, módulos de descarga-recarga, rigidez a peque-
ñas deformaciones, sensores locales.
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In this research, it was used several specimens 
of a material used for the road construction in Bo-
gotá (Colombia). After that the specimens were 
compacted with optimum water content by the 
standard effort (ASTM International, 2014a) and 
consolidated under different isotropic stresses (p0’) 
in a stress path triaxial cell. This cell was equipped 
with LVDT local transducers. The procedure was 
aimed to assess the influence of two key water 
contents (optimum and saturated) on the stiffness 
of a granular base. The stiffness measured during 
loading, unloading and reloading stages and the 
elastic moduli were computed through the hyper-
bolic model.
STIFFNESS OF SOIL
Stiffness is a key property in the behaviour of soil 
materials under loading and unloading cycles. 
The initial stiffness is characterized by the initial 
shear modulus (G0) (Ortiz-Pulido, Gaitán-Serrano, 
& Camacho-Tauta, 2014). This parameter can be 
measured in laboratory mainly by resonant col-
umn, bender element, or cyclic triaxial tests. The 
shear modulus is affected principally by the effec-
tive stress (p’0) and the void ratio (e) (Camacho-
Tauta, Jiménez Álvarez, & Reyes-Ortiz, 2012). 
According to Ramos Cañón (2015) p’0 has the main 
influence in the stiffness of granular materials.
However, a number of factors can affect the ini-
tial shear modulus. Hardin & Black, (1968) found 
that the soil stiffness could be affected by a num-
ber of factors as: effective octahedral normal stress 
(s0), octahedral shear stress (t0), void ratio (e), satu-
ration degree (Sr), amplitude of vibration (A), fre-
quency of vibration (f), and temperature (T), among 
others.
From this wide range of influencing factors, 
Seed & Lee (1970) selected and classified the most 
significant in two groups of importance level, as 
shown in Table 1. In their work, they studied the ef-
fect of the load applied, strain amplitude and satu-
ration degree in the stiffness of granular base.
Table 1. Factors affecting the shear modulus.
Importance level Factor
Primary factor
Strain amplitude
Load applied
Effective mean principal stress
Void ratio
Number of cycles of loading
Saturation degree
Secondary factor
Octahedral shear stress
Over consolidation ratio
Effective strength parameters
Source: Seed & Lee, 1970.
Any elastic moduli can be assessed by know-
ing two elastic parameters (Timoshenko & Goodier, 
1986), as the elastic modulus (E) and the Poisson’s 
ratio (n). The stiffness of granular materials also can 
be measured through loading and unloading pro-
cess with sensors installed directly on the specimen.
PERMANENT DEFORMATION IN 
GRANULAR MATERIALS
Traditionally, in pavement engineering the two 
most important factors to evaluate the performance 
of a structure are: fatigue in cemented layers and 
rutting in non-cemented layers. Both damages are 
products of repetitive loads due to traffic action. In 
granular bases, each load application produces a 
permanent deformation on the structure. The grad-
ual accumulation of many plastic deformations re-
duces the serviceability or increases the possibility 
of collapse due to excessive rutting of the road (Le-
karp & Dawson, 1998).
At small-strain, the granular material has an 
elastic behaviour. Beyond this range, the material 
experiments energy dissipation by plasticity with 
permanent deformations. Figure 1 shows the de-
formation process during loading and unloading 
stages without reach the failure.
This is the typical response of a granular base 
in a pavement structure. After unloading, the 
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irrecoverable or permanent deformation is the 
plastic strain and it could be considered as a new 
reference state, where the elastic response can be 
measured since the failure is not achieved (Wood, 
1991).
HYPERBOLIC MODEL
The hyperbolic model represents the non-linearity 
and the dependency of the stress level in the stress-
strain behaviour of granular soils, where each in-
crement consider the soil as elastic linear material 
(Boscardin et al., 1990). Hyperbolic equations are 
useful tools to describe the non-linear elastic behav-
iour before achieving the failure (Duncan & Chang, 
1970). The curve representing this model was pro-
posed by Kondner (1963), and its equation (1).
 
σ� � σ� � ε1
E� �
ε
�σ� � σ�����
    (1)
Where (s1-s3) is the deviatoric stress; (s1-s3)ult 
is the deviatoric stress at failure and the asymp-
totic value of the model; e is the axial deformation; 
and Ei is the initial tangent modulus. Generally, the 
values of strain and deviatoric stress are obtained 
through triaxial tests under different confining pres-
sures. From the shear strength parameters and the 
reference elastic modulus is possible to establish 
the stress-stiffness as a function of the confining 
pressure (equation (2)).
 ܧ௫ ൌ ܧ௫௥௘௙ ൬ ܿ ή ܿ݋ݏ߶ ൅ ߪଷݏ݅݊߶ܿ ή ܿ݋ݏ߶ ൅ ݌௥௘௙ݏ݅݊߶൰
௠
   (2)
The stress-stiffness dependency normalizes elas-
tic modulus respect to a reference pressure. Where 
Eref is the elastic modulus of reference obtained by 
numerical adjust; c and f are the shear strength pa-
rameters; pref is a reference pressure which usually 
is the atmospheric pressure (100 kPa); and finally 
m is an amount of stress dependency represented 
by a power, which has values between 0.5 and 1. 
It is necessary to note that the s3 is the confining 
pressure corresponding a compression stress (thus, 
insert as negative value).
METHODOLOGY
Materials
This study was carried out with a granular base 
from Soacha, near Bogota (Colombia). Geologi-
cally, the high plateau of Bogota is composed by 
almost 600 m of lacustrine and fluvial sediments 
(Coronado, Caicedo, Taibi, Correia, & Fleureau, 
2011). Granular base material of this area corre-
sponds to sandstones from adjacent slopes to the 
plateau. These sandstones are constituted princi-
pally by orthoquarcites composed by: undulose 
quartz, semi-composite quartz, composite quartz 
and stretched quartz (Aalto, 1972).
Figure 2 shows the grain size curve, which was 
obtained according to the procedure stabilised in 
the standard ASTM D422 (ASTM International, 
2007b).
Plasticity limits were found by the standard 
procedure of ASTM D4318 (ASTM International, 
2010) and the specific gravity of soils for particles 
with size less than 4.75 mm was estimated through 
the method of ASTM D854 (ASTM International, 
2014b). The values obtained are shown in Table 2.
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Figure 1. Material response during load and unload 
stages
Source: own work
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Table 2. Physical properties of granular base
Parameter Value
GS 2.76
LL NP
IP NP
Source: own work
The parameters of optimum water content and 
maximum dry unit weight are 9.6% and 1.96 g/cm3, 
respectively. The curve of compaction is presented 
in Figure 3.
Equipment
A GDS triaxial equipment, able to generate stress 
path automatically, was used to estimate the stress-
strain behaviour of the granular base during load-
unload-reload stages. The device is equipped with 
an 8 kN submersible load cell, three pressure/vol-
ume controllers of 0.1 kPa and 1 mm3 of preci-
sion, and LVDT type local transducers (Figure 4) 
capable to measure axial and radial strains of the 
specimen directly.
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Figure 3. Compaction curve of granular base
Source: own work
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Figure 4. Local transducers and specimen of granular base
Source: own work
Test procedure
Twelve different specimens of granular base were 
compacted at optimal water content and maxi-
mum dry unit weight according to the Standard 
Effort Method, which is provided in the standard 
ASTM D698 (ASTM International, 2014a). Three of 
these specimens were subjected to the procedure 
regulated by the standard ASTM D2850 (ASTM 
International, 2007a) in order to assess the shear 
strength parameters in conditions unconsolidated 
undrained (UU) under confining pressures of 50, 
100 and 150 kPa. Additionally, other three speci-
mens were first saturated and then subjected to 
consolidation and shear stages to evaluate the 
strength parameters in consolidated undrained 
(CU) conditions, according to the standard D2850 
(ASTM International, 2007a), with the consolida-
tion stress of 50, 100 and 200 kPa. Finally, the 
remaining six specimens were subjected to load 
and unload stages, in two groups of three, with 
the aim of assessing and comparing the elastic 
moduli in conditions of optimum water content 
and total saturation. The stress path tests were per-
formed with the same confining pressure than UU 
triaxial tests.
RESULTS
Triaxial tests
Figure 5 shows the experimental results of stress-
strain behaviour for each confining pressure in 
the granular base with maximum axial strain of 
20% obtained by an Unconsolidated Undrained 
triaxial test.
Results show that strength of the granular ba-
ses increases and the strains decreases due to the 
non-linear behaviour of this type of material, accor-
ding to Atkinson (2007). Table 3 presents the maxi-
mum values at failure obtained from triaxial tests.
Figure 6 shows the results of shear strength 
through Mohr’s circles for the specimens at the 
both moisture content.
Table 3. Stress-strain parameters at failure
Specimen type Confining Pressure (kPa) Deviatoric stress (kPa) Strain (%)
Optimum water content
50 507 4.93
100 621 7.02
150 842 6.50
Saturated
50 198 2.94
100 329 4.11
200 519 7.97
Source: own work
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Figure 5. Stress-strain curves obtained by UU triaxial test.
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Figure 6. Mohr’s circles obtained in triaxial tests: a) Optimum water content; b) Saturated
Source: own work
Table 4. Hyperbolic model results
Specimen type Confining Pressure (kPa) Asymptotic Deviatoric stress (kPa) Tangent modulus (kPa)
Optimum water content
50 566 473
100 651 555
150 933 700
Saturated
50 493 169
100 530 225
200 874 350
Source: own work
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The shear strength parameters show that the va-
lues of friction and cohesion are lower for the total 
saturation condition compared to the optimal wa-
ter content. Results indicate that the stability of any 
geotechnical structure built with this granular base 
can be affected by moisture variations.
Hyperbolic model
Taken the data of Table 3 and the information from 
all triaxial tests, it was used the hyperbolic model 
to obtain the parameters in equation 1. By this way, 
it was possible to evaluate the hyperbolic model of 
this granular base under different confining pres-
sure and obtain the elastic moduli during load-un-
load-reload cycles.
Since maximum deformation before the failure 
is less than 8%, according to Stark, Ebeling, & Vet-
tel (1994) the hyperbolic model is valid to describe 
the stress-strain behaviour in this type of material. 
Table 4 presents the parameters of the hyperbolic 
model evaluated by means of linear adjustment.
The experimental information indicates that the 
numerical curves adjust in the elastic range with 
the experimental results. For this reason, is valid to 
estimate the initial tangent modulus of the material 
studied through this model.
Loading and unloading test
The elastic moduli during unload-reload stages 
were computed directly by mean of vertical and 
radial measurements through the local transducers 
and the internal load cell. This information was ob-
tained for each confining pressure at conditions of 
optimum water content and total saturation.
Results exhibit that the unload-reload moduli 
for the saturated specimen are lower than the spec-
imen with optimum moisture. Table 5 presents the 
average moduli obtained by hyperbolic model in 
the stress path test.
Figure 7 shows the results obtained during the 
application of stress path, which include deviatoric 
stress of 25, 50, 75, 100, 125, 150 and 175 kPa.
Table 5. Moduli results of stress path tests
Confining Pressure (kPa)
Unload-reload moduli (kPa)
Optimum water content Saturated
50 227 214
100 268 247
150 312 305
Source: own work
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Figure 7. Material response during load and unload stages for a confining pressure of 100kPa. a) Optimum water 
content; b) Saturated
Source: own work
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The moduli were evaluated in each cycle, and 
the differences among them show variations be-
tween 3-8% for both water conditions. The rela-
tive low variability of this parameter suggests that 
the moduli do not depend on the load level for the 
strain range imposed in the tests. Equation 2 was 
used to describe and represent the effect of con-
finement on the granular base for the atmospheric 
pressure and the values of shear strength parame-
ters (optimum water content: c=80 kPa ϕ=39º, and 
saturated: c=35 kPa ϕ=31º) obtained by the triaxial 
tests. Equation 3 gives unload-reload elastic modu-
li and the power parameter to optimum water con-
tent condition. In addition, equation 4 presents the 
same parameters in total saturation conditions.
 ܧ௨௥௢௣௧ ൌ ʹ͹ͲሺͲǤͷͲ ൅ ͲǤͲͲͷͳߪଷሻ଴Ǥ଺ଶ    (3)
 ܧ௨௥௦௔௧ ൌ ʹͷ͹ሺͲǤ͵͹ ൅ ͲǤͲͲ͸͵ߪଷሻ଴Ǥହଷ   (4)
Replacing s3 in equations 3 and 4 for the value of 
atmospheric pressure, was found that Eur has a varia-
tion of 1% and 4% comparing with the results showed 
in Table 5 for a confining pressure of 100 kPa in both 
water conditions. Figure 8 presents the numerical ad-
just between experimental data with model results.
The small changes between the experimental and 
numerical results validate the unload-reload moduli 
stress-stiffness dependency model is a good approxi-
mation to describe the stress-strain behaviour of this 
material. Yang & Han, (2012); Mazari et al., (2014); 
and Salour & Erlingsson, (2015) evaluated the mod-
uli in similar materials to the Soacha granular base. 
Their calculation results do not present significant 
differences with the values found in equations 3 and 
4 under a confining pressure of 100 kPa.
CONCLUSIONS
The stress-stain behaviour of a granular base was 
evaluated by an experimental program during 
loading, unloading and reloading stages. The ma-
terial was compacted and tested under two differ-
ent water contents, optimum and saturated. The 
program included tests with a triaxial device capa-
ble to generate different stress paths and equipped 
with local transducers to measure local strains.
The elastic moduli of the granular base were 
assessed under different stress level through a hy-
perbolic model. Furthermore, from these values 
and shear strength parameters, it was proposed an 
equation which permits estimate the elastic moduli 
as a function of the confining pressure. The numer-
ical model presented a suitable correlation to the 
experimental measures.
Results obtained from the experimental data 
show that the shear strength change is a function 
of the saturation degree. This effect is due to the 
suction inside the soil. Hence, the strength for un-
saturated samples is greater than for saturated sam-
ples. Also, the soil suction increases the stiffness of 
unsaturated specimens.
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Figure 8. Comparison of experimental and calculated moduli
Source: own work
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According to the compared results, of both 
moisture conditions, it was found that the stiffness 
of this granular base depends on the water content. 
The model calculation presents a parallel trend be-
tween the two moistures. Therefore, it is possible to 
affirm based on results, the material presents low-
est modulus values at saturation total state.
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